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Abstract--As a model of the pathological sinus node of the heart, systems of pacemaker 
cells coupled by the phase response curve (PRC) were constructed. Computer simu- 
lations were performed in coupled two pacemakers, in a chain of pacemakers and in a 
sheet of pacemakers. Three types of pathological modes of oscillation were recognized: 
focal tachycardia, circus movement tachycardia nd disrhythmia. Focal tachycardia 
was generated between two pacemakers coupled by PRCs in a specific condition, giving 
rise to a uniform, tachycardic synchrony over the whole network. Circus movement 
tachycardia was shown to occur even in a uniform network if elements of the network 
had a PRC with reduced amplitude and the initial phases were chosen appropriately. 
Such a circus movement tachycardia could be changed into the other mode of circus 
movement or could be stopped, by application of extrasystolic inputs. Disrhythmia, 
which was interpreted as a nonperiodic mode of oscillation of the network, could be 
generated when the elements of the network had a PRC with a negative slope between 
the delay and advance portions, and when they had inhomogenity in their intrinsic 
periods. 
1. INTRODUCTION 
The sinus node of the heart is a center that controls the cardiac rhythm. It consists of a 
population of pacemaker cells. The arrhythmia caused by abnormality of the sinus node 
involves sinus bradycardia, sinus tachycardia nd a wide variety of rhythmic disorders 
called the sick sinus syndrome. 
Quantitative property of the sinus node cell has been described by Yanagihara et al.[ l]  
in the form of Hodgkin-Huxley- type differential equation model, or was given by Jalife 
et a/.[2] as a phasic property of a biological oscillator. The latter, in particular, provides 
us with useful means for constructing a mathematical model of the sinus node as a pop- 
ulation of oscillatory elements. 
The purpose of this paper is to construct, as a model of the sinus node, a population 
of pacemaker cells of the heart which interact via PRCs, in various dimensions uch as 
two pacemakers,  a chain of pacemakers and a sheet of pacemakers,  in order to reveal 
their fundamental properties and to demonstrate a variety of the pathological behavior. 
There are two ways of approaching this problem. One is to construct a system of 
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mutually coupled cells based on a system of differential equations (or its approximation) 
that describes the dynamics of ionic currents of a single cardiac cell. The ionic model of 
the sinus node was given by Yanagihara e] al.[1], that of Purkinje fibers by McAllister 
et al.[3] and the ventricular tissue by Beeler and Reuter[4]. This type of approach was 
adopted in the study by Van Capelle and Duffer[5] who employed simplified second-order 
differential equations, and in the study by Yamanaka et a/.[6] on one-dimensional con- 
nection of the above-mentioned three types of cells by using the corresponding equations. 
As this approach requires a large amount of computation, one often has a great difficulty 
in a simulation study of higher dimensional structures with many elements. 
Another way of approach is based on the phase response property of the pacemaker 
cells. Early simulation study on the atrial fibrillation by Moe et al.[7] has been a repre- 
sentative one, though the material was not the pacemaker cell, and the concept of the 
PRC was not used explicitly. Studies of pacemaker network using PRC or its equivalent 
characteristics have been appearing in recent years (Ypey et al.[8], De Bruin et al.[9] and 
Strittmatter and Honerkamp[10]). 
In addition to these studies, the present report will show a variety of pathological 
behavior in both one- and two-dimensional pacemaker networks on the basis of the ana- 
lytical results of our previous paper[1 I]. 
2. SOME FUNDAMENTAL PROPERTIES OF A COUPLED TWO-PACEMAKER 
SYSTEM 
We assume that the pacemaker cell has its intrinsic period T and that the period of 
oscillation is changed by the depolarization of the neighboring cells. This effect is rep- 
resented by the phase response curve (PRC) which is a plot of the phase shift (or delay) 
~(qb) as a function of phase ~ of the electrical stimulus generated by the depolarization 
of other cells (Fig. I). As an equivalent expression, the phase transition curve (PTC) or 
the latency phase curve (LPC) is also used. There are the following relationships among 
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Fig. 1. Typical phase response curves (PRC) of the sinus node cell in response to strong stimuli lthe solid line) 
and to weak stimuli (the hatched line). 
Pathology of the pacemaker netv, ork 891 
them: 
and 
PTC(~b) = 6 - PRC{cb) 
LPC(cb) = T -  + + PRC(cb). 
In this paper we will use the PRC, in accordance with the expression of experimental 
data by Jalife[2] on the kitten sinoatrial node. 
We will summarize in the following the fundamental results of a coupled two-pacemaker 
system including those discussed in our previous report[l 1]. 
We consider two pacemakers denoted by P and Q. and assume that their intrinsic 
periods are Tp and T,~, and that their PRCs are PRC~, and PRC,~, respectively. Define the 
ith stimulus phase t, of pacemaker P due to the depolarization of pacemaker Q; then the 
following difference quation in t~ is obtained: 
{t ,  + T,, - PRCp(t,) 
[ i *  I = F(t~) = t~ - Tp + PRC~,(Tp + T,, - ti) 
(0 <- t~ < Tp). ~1) 
( L,  <- t, < T,, + L,), 
where, PRCp and PRC,~ are unnormalized PRCs. 
(a) Tachycard ic  solut ion in one- to -one synchrony  o f  the cells 
Based on the experimental data by Jalife et a/.[2] in the case of strong current stimuli. 
we will introduce a piecewise linear approximation of the PRC (see Fig. 1. solid line): 
at (0 <- t < wTp), (2a/ 
PRCf,(t) = b(t - T~,) (wTp <- t < Tp), (2b) 
{a 't (0 < t <- w'T,/), (2a') PRCu(t) = b'(t  - T u) (w'T,~ < t <- T,~), (2b') 
where a and a' represent the slope of the phase delay portion of the PRC, b and b' that 
of the phase advance one, and w and w' correspond to the break point between phase 
delay and phase advance. Note that each value of these parameters lies between 0 and 
1. We will call a, b and w tile PRC parameters .  
With these approximations, Eq. (1) becomes 
(1 - a)t,. + Tu 
(1 b)ti + Tu +bTp 
t~-z = (1 b')t~ + b'Tp - Tp 
(1 a')t i  + a'(Tp + Tq) - Tp 
(0 <- tl < wTp (3a) 
(wTp <_5 ti < Tp) (3b) 
(Tp -< ti < Tp + T,t(l - w'), (3b') 
(Tp + Tu(1 - w')  <- t, < Tp + Tq). (3a ' )  
These four branches, (3a), (3b), (3b') and (3a'), of Eq. (3) correspond, respectively, to 
the phase delay (2a) and the phase advance (2b) of pacemaker P, and the phase advance 
(2b') and the phase delay (2a') of pacemaker Q. It is convenient to represent the solution 
of Eq. (3) by using symbols a, b, a' and b', like {ab'} which represents a periodic solution 
with period 2 due to the branches (3a) and (3b') of Eq. (3). Equation (3) has four kinds 
of periodic solutions with period 2 (Fig. 2), and the period 7"* at synchrony is given as 
follows: 
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Fig. 2. Solutions of Eq. (3) with period 2. Bars above and below the horizontal time axis represent respectively 
firings of pacemaker Q and P. A, In-phase solution {ab'} when Tq > T;,: B, in-phase solution {ha'} when Tp > 
T,~: C. antiphase, bradycardic solution {aa'}; and D, antiphase, tachycardic solution {bb'}. PRC parameters are 
a = 0.4, b = 0.4 and w = 0.3. 
(i) In-phase solutions 
{ab'} (normal solution for Tq > Tp; Fig. 2A): 
T* = [a(1 - b')Tq + b'Tp]/(a + b' - ab'), 
{ba'} (normal solution for Tp > Tu; Fig. 2B): 
T* = [bTq + (a' - ba')Tp]/(b + a' - ba'). 
(ii) Antiphase solutions 
{aa'} (bradycardic solution; Fig. 2C): 
7"* = (aTq + a'T,,)/(a + a' - aa') > max[Tp,Tq]. 
{bb'} (tachycardic solution; Fig. 2D): 
7"* = [b(1 - b')Tq + b'(1 - b)Tp]/(b + b' - bb') < min[Tp,Tu]. 
(4)  
(5) 
(6)  
(7) 
The in-phase solution, in which the phase difference of the two pacemakers i close to 
zero, is a normal solution which always exists when Tp ~ Tq; {ab'} when /'q > Tp and 
{ba'} when T o > T,~. They result from such an interaction between two pacemakers that 
one pacemaker  with the shorter intrinsic period attracts the other. The period at synchrony 
lies between the two intrinsic periods. Note that, as special cases, T* = Tp when a = 0 
[from Eq. (4)] and T* = Tq when a'  = 0 [from Eq. (5)], i.e. the phase difference becomes 
equal to zero when the faster pacemaker has no delay part in its PRC. 
On the other hand, the antiphase solution, {aa'} or {bb'}, represents one-to-one syn- 
chrony of the two pacemakers with the phase difference of about 180 °. The period of the 
solution {aa'} is greater than the intrinsic period of any of the two pacemakers,  and the 
period of {bb'} is smaller than that. Since a necessary condition for the solution {aa'} to 
exist is that w + w' > I and a necessary condition for {bb'} to exist is that w + w' < 1, 
these two solutions never exist at the same time. 
If  one of the antiphase solutions exists, two different solutions exist together in the 
neighborhood of Tp = Tq, since one of the in-phase solutions always exists there. Which 
solution appears depends on the initial phase difference. In such cases, therefore, one 
solution can be changed into the other by an appropriate phase-resetting input to the 
pacemaker.  Figure 3 represents uch an example. The normal synchrony (an in-phase 
solution) is shown in Fig. 3A. In Fig. 3B it was changed into tachycardic synchrony (an 
antiphase solution) by an extrasystolic input to pacemaker Q and then returned to the 
normal synchrony by the second extrasystole. Figure 3C shows the similar effect of an 
extrasystole on pacemaker  P. 
This type of transition depends on the phase at which an extrasystole is given. Figure 
4 shows that the tachycardia occurs only when an extrasystole is applied within a specific 
region of phase. This region tends to be narrower as the value of b and/or w increases. 
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Fig. 3. Initiation and termination of tachycardia by application of extrasystolic impulses. A. Normal in-phase 
solution {ba' }: B. initiation and termination of antiphase, tachycardic solution {bb') by an extrastystolic mpulse 
in pacemaker Q: and C, an extrasystolic impulse in pacemaker P. The PRC parameters are a = 0.5, b = 0.5, 
w = 0.2, Tp = 1.05 and r, = 1.0. 
(b) Ef fect  o f  a negat ive  s lope o f  the PRC 
In the above discussion we have used Eq. (2) as an approximated PRC of the exper- 
imental data[2] for strong stimuli (the solid line of  Fig. 1). However ,  the PRC for weak 
stimuli (or in the case of a conduct ion block) has a transient portion with a negative slope 
in between the delay and advance portions as well as reduction in the values of a and b 
(the hatched line of  Fig. I). The negative slope reduces the stability of  the system and, 
occasional ly,  makes the system fall into a nonperiodic state of oscillation. 
Let us define the PRC by 
; ra in[at ,  - c ( t  - wT)] (0 -- t < wT). 
PRC(t)  = [max[ -c ( t  - wT).  b(t  - T)] (wT-< t < T). (8) 
instead of Eq. (2), where c represents the absolute value of  the negative slope. 
The map of Eq. (I) substituted by Eq. (8)is illustrated in Fig. 5. which is a one-to-one 
mapping of a circle onto itself (rood Tf, + T~). If we define a parameter X of the map by 
X = Tp/Tq, a set of  X for which the rotation number  of  the map is irrational (the system 
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Fig. 4. Effect of the phase of an extrasystolic impulse on the initiation of tach.vcardia. Tachycardia is induced 
when the extrasystolic impulse falls within a specific range of phase (D-HI. The PRC is same as that in Fig. 3. 
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Fig. 5. Map of  Eq.  (1) and  an  example  o f  a nonper iod ic  (with a per iod at least la rger  than 500) solut ion.  Parameter  
va lues  are T~, = 1.40, Tu = 1.0, a = a '  = b = b '  = c = c '  = 0.5 andw = w' = 0.3. 
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Fig. 6. Ef fect  o f  a negat ive  s lope o f  the PRCs  on the per iod  of  so lut ions  o f  Eq.  (I). In each  panel the absc issa  
ind icates  the rat io  Tp/Tq and the ord inate  represents  the per iod  o f  the so lut ion in a logar i thmic  sca le .  A.  c = 
c '  = 1000; B. c = c '  = 4.0;  and  C,  c = c '  = 0.5. Other  parameters  are same in all pane ls :  a = a' = b = b'  
= 0.5 and  w = w' = 0.3. 
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is ergodic) can have a positive measure (Keener[12]). Thus we find solutions of infinite 
period with nonzero probability. 
The effect of a reduced c-value on the structure of solutions is illustrated in Fig. 6. The 
map of Eq. (3) which was discussed in Section 2(a) corresponds to that ofa nonoverlapping 
case studied by Keener[8], and is considered to be the limiting case of c ~ :~ (Fig. 6A). 
In the latter case all the periodic solutions are stable and globally attractable. In similar 
systems discussed by Guevara and Glass[13] and by Strittmatter and Honerkamp[10] the 
appearance of chaotic behavior was suggested for certain cases, but our model does not 
have a chaotic solution because of the physiological constraint that 0 < a < I and 0 < b 
<1.  
3. S IMULATION OF A CHAIN OF PACEMAKERS 
In this section we will consider a one-dimensional connection (a chain) of N pace- 
makers. The ith pacemaker cell which has the intrinsic period, T,, is assumed to receive 
a phase resetting effect from the two neighboring cells, i - 1 and i + 1, according to the 
phase response curve PRCi. The algorithm for the computer simulation is similar to that 
of Ypey et al.[8] and De Bruin et al.[9]. Let us define the variables NFT, (the next firing 
time) and OOPi (the origin of phase) of each cell i. Then the computation procedure is 
written as follows: 
(0) Assign the initial values: 
NFT,- = OOPi = initial phase of the ith cell (i = 1 . . . . . .  V). 
Then repeat steps (1) through (4) until the NFTk exceeds the preassigned maximum time, 
'~ITI  a x • 
(1) Search a cell k that has the minimal NFT, i.e. 
NFTk = min[NFTi]. 
i 
(2) If there is any external input to cell m at time t < NFTk, then k = m and NFTk = 
t. 
(3) OOPk = NFTk and NFTk = OOPk + Tk. 
(4) For al l j 's  that are the neighbor of k, 
OOPj = OOPj + PRCj(OOPk - OOPj), 
NFTj = OOPj + Tj. 
Computer simulations were preformed on an HP-1000 minicomputer !Hewlett-Packard 
Co.) with a PC9801 microcomputer (NEC Co.) for real-time color graphic display of firings 
of cells and the current periods of the cells. 
(a) Leading pacemakers 
It is a common belief that normally the rhythm of the sinus node is determined by the 
pacemaker(s) with the shortest intrinsic period (leading pacemakers). This, of course, is 
the most natural outcome in this model as shown in Fig. 7. However, such uniform syn- 
chronization was not realized if the difference in the intrinsic period among pacemakers 
was too large. De Bruin et a/.[9] have shown that a linear gradient in the intrinsic periods 
of a pacemaker chain produced "the local synthrony," the staircase-like distribution of 
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Fig. 7. Normal synchrony of a chain of 30 pacemakers.  All pacemaker cells have an identica[ PRC (a = 0.4. b 
= 0.9 and w = 0.5) and intrinsic period (T = 1.0) except hat he intrinsic period of a cell (no. 10) is 0.8. Initial 
phases are given at random (uniform distribution between 0 and 0.5). A, Firing time of the cells: B. actual periods 
(left panel) and phases (right panel) at time = 40. In each panel dotted [ines represent the initial values. C. 
Graphical representation f the time course of periods of the pacemaker cells. 
the period of cells, which was obtained also in our simulation. The degree to which such 
a phenomenon occurs highly depends on the reduction in the value of b. 
(b) Focal tachycardia 
Assume that two pacemakers having a reduced amplitude of the PRC (no. I0 and no. 
II with the PRC parameters, a = 0, b = 0.4 and w = 0.2, and the intrinsic period, T = 
1.0) are included in a uniform chain of pacemakers with the parameters, a = 0.9, b = 
0.9, w = 0.5 and T = 1.0. As shown in Fig. 8, this system usually exhibited normal 
synchrony with a common period, T = 1, but the tachycardic antiphase solution was 
generated between cells 10 and 11 by an extrasystolic impulse at t = 20, and then the 
whole cells synchronize to it, until the other extrasystolic impulse at t = 50 stopped the 
tachycardia. 
Figure 9 shows the simulation result similar to Fig. 8. The PRC parameter, b, is assumed 
to be 0.8 (a smaller value than that of Fig. 8) in all cells except for cells 10 and 11. In this 
case the pacemakers (cells 9 and 12) adjacent o the tachycardic focus were unable to 
synchronize to the faster rate of oscillation, exhibiting a 5:1 block with Wenckebach 
periodicity. 
(c) Effect of a negative slope of the PRC 
Existence of a negative slope of the PRC in the constituent cells reduces the uniformity 
of synchrony in a chain of pacemaker cells, if a random variation in the intrinsic periods 
A 
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Fig. 8. Focal tachycardia in a chain of 20 pacemakers. The PRC parameters are a = 0. b = 0.5 and w = 0.2 
(cell 10 and cell 11), and a = 0.9, b = 0.9 and w = 0.5 (other cells). Intrinsic periods are 1.0 in all cells. Initial 
values of phase are given at random (uniform distribution between 0 and II. Extrasystolic impulses are applied 
at times 10, 20 and 50. The first extrasystolic impulse has no effect, but the second impulse it = 20) gives rise 
to a tachycardic synchrony between cell 10 and cell 11. to which the other cells regularly synchronize, until the 
third extrasystole stops the tachycardia. 
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Fig. 9. Focal tachycardia in a chain of 20 pacemakers with slightly reduced PRC parameters than those in Fig. 
8: a = 0, b = 0.5 and w = 0.2 (cells 10 and 11), and a = 0.8. b = 0.8 and w = 0.5 (the other cells). Fluctuation 
in the period appears in the neighbor cells during the tachycardia induced by the second extrasystolic impulse. 
In cells 9 and 12, a 5:1 block with Wenckebach periodicity is recognized. 
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Fig. 10. Effect of a negative slope of the PRC on a chain of 30 pacemaker cells whose intrinsic periods are 
assigned at random (uniformly between 1.0 and 1.4). PRC parameters are identical in all cells: a = 0.4, b = 
0.8, w --- 0.5 and A, c = 5: B. c = 2; and C, c = 0.5. Left panels show the time course of the period of each 
cell. Right panels represent the plot of the periods at t = 50 (solid line) and the intrinsic periods (dotted line) 
of the cells. 
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was given to the elements of the chain, the stability of synchrony was reduced as the 
value of c decreased (Fig. 10, A ---, B ---, C). 
4. S IMULAT ION OF A SHEET OF PACEMAKERS 
We will show the simulation results of a two-dimensional network (a sheet) of pace- 
maker cells. Pacemaker elements are arranged on lattice points bounded by an ellipse 
with N and M being the lengths of the two axes. Assume that the cell at position (i, j) 
has connections only with cells (i - l , j ) ,  (i -- l , j ) ,  ( i , j  - I) and ( i , j  + 1). Computation 
was performed with N = 30 and M = 20 by using an algorithm similar to that of a chain. 
(a) Leading pacemakers 
As in the case with the chain model, cells with the shortest intrinsic period determine 
the common rhythm of the network in normal cases. Even when the intrinsic periods are 
identical over the whole cells, an apparent focus (cells with the earliest phase of firing) 
was often recognized if the PRC is strong enough. The position of the focus depended on 
the initial values. An example is shown in panels (1)-(7) of Fig. 11. in which the cells at 
the right side of the circuit appear to be a focus. 
(b) Generation of the focal tachycardia 
Two pacemakers whose PRCs had a reduced amplitude were included in the upper left 
corner of the circuit in Fig. 11. Tachycardic solution was produced between these two 
cells [the arrow in panel (8) of Fig. 11] by an extrasystole at t = 6.3, and made the whole 
circuit synchronize to the fast rate as the time passed. 
(c) Circus movement tachycardia 
There are modes of oscillation specific to the circuits with two or more dimensions, 
i.e. the circus movement achycardia. It is interesting to know whether such a circus 
movement can occur without any anatomical obstacle, and furthermore, without any 
inhomogenity in the constituent elements. Figure 12 is a simulation result in which all 
parameters of the pacemaker cells were set equally and were in such a condition that any 
antiphase solution could not occur: a = 0. b = 0.8, w = 0.5 and T = 1.0. Initial values 
were chosen at random from a uniform distribution. When the variance in the initial values 
was small, only a normal solution [like Fig. 11, (2)-(6)] was obtained. With sufficiently 
large variance, however,  it was shown that the circus movement did occur. An example 
is shown in Fig. 12, (1)-(5), in which a clockwise rotation was generated on the upper 
part of the circuit and the whole circuit synchronized to the fast rate of P = 0.67. This 
state was so stable that it was difficult to get the state back to the normal state by small 
disturbances. If, however, all of the upper six rows of the pacemakers were reset at t = 
12.3 [Fig. 12 (6)], two new circus movements were generated as shown in Fig. 12, (7)- 
(20), and the tachycardic mode continued. 
It is possible to terminate this kind of circus movement.  In Fig. 13, where the same 
circus movement as in Fig. 12 occurred, a similar resetting input at t = 11.9 followed by 
another esetting input at the both sides of the circuit were given. Then the circus move- 
ment was suppressed and the circuit recovered into a normal mode of oscillation of period 
1 with a focus at the upper center of the circuit [Fig. 13 (14)-(18)]. 
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Fig. Il. Simulation of a sheet of pacemaker cells. Normal excitation [(i)-(7)], and focal tachycardia [(8)-( IS)1 
induced by an extrasystolic impulse at t = 6.0 in the celf (7, 19) (arrow). In each panel, symbols “@“. “i” 
and “.‘* represent, respectively, the latest firing cells, the recovering cells and the resting cells. The variable 
r denotes the current time, and P the mean period of the circuit. The PRC parameters are identical in ail ceils 
(a = 0.b = 0.8 and w = 0.5) with the exception of cell (7, 19) and cell (8, 19) which are located in the upper 
left comer (a = 0, b = 0.5 and w = 0.2). All intrinsic periods are assumed to be 1.0. 
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movement ' tachycard ia  produced only in a two or more dimensional structure. The pos- 
sibility of these two kinds of tachycardia has been demonstrated in a simulation stud,,' 
based on the simple differential equation model of cardiac cells[5]. 
Focal tachycardia, which corresponds to the solution {bb'} in our study, exists only 
when Tp ~ Tq and ~ + ~t" < I (and practically, b and b' should not be so large). Such 
conditions hardly appear in normal pacemaker cells, but the,,' could happen when the 
intercellular conduction is reduced, as suggested by the experiments of Antzelevitch et 
al.[14] on a sucrose gap preparation of cardiac Purkinje fibers. A one-dimensional model 
of pacemaker cells with a tachycardic focus (Figs. 8 and 9) may be applicable to a model 
of the AV node-His -Purk in je  system in certain pathological conditions. 
The condition for the occurrence of circus movement tachycardia in the nonautomatic 
tissue was discussed in an early simulation study[7], in which the significance of variation 
in the properties of the net,,vork elements (e.g. the refractory period, conduction velocity, 
etc.) was suggested. Allessie et al.[15] demonstrated the circus movement achycardia 
with a diameter less than several millimeters in their experimental study of the left atrium 
of the rabbit heart. Although the circus movement within the sinus node has not been 
shown experimentally, Allessie and Bonke[16] demonstrated a reentry with a diameter 
of I -2  mm and suggested its possibility. Since the sinus node is small in size. the reduction 
in the PRC is essential for the appearance of circus movement tachycardia. According to 
our simulation study, the circus movement achycardia is not likely to occur by any 
variation in the initial phases when the value o fb  is close to 1. Sugiura et a/.[17, 18] has 
reported the histopathological findings on the sinus node of patients with the sick sinus 
syndrome that in such patients the sinus node cells exhibited a marked proliferation of 
the collagen and elastic tibers and a reduction in the number of the sinoatrial cells by 
70c~-80%. Such reduction in the number of cells may result in a decrease of conduction 
velocity, and equivalently, a reduction of the PRC as demonstrated in the sucrose gap 
experiment[2]. 
As with the third categor.~ of the arrhythmic mode of oscillation, there could be non- 
stationary solutions (at least with a very long period) as described in Section 3(c) (Fig. 
10). Appearance of such solutions are greatly due to the negative slope of the PRC. If 
the slope is large enough (c--+ :,:), the PRC can well be approximated by Eq. (2) and the 
probability that a nonperiodic solution occurs tends to be zero in a two-pacemaker system. 
Studies of nonperiodic solutions in higher-dimensional structures remain for future works. 
Our model and the simulation results will give an insight into the unkno~ n mechanisms 
of rhythmic disorders of the sinus node, and will be a useful guide for experimental and 
clinical studies which relate the pathological conditions of the heart with the PRC property 
of cardiac pacemakers.  
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